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Jet Fragmentation in pp

Jet fragmentation function

* Jet substructure observable studying the distribution of hadrons inside a jet

* Probes jet dynamics at a more differential level
* Provides further constraints for fits of fragmentation functions

* Possible studies include spin correlations and
* the modification in heavy ion collisions

hadron, p'

jetva

LHC, RHIC, Tevatron
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Jet Fragmentation in pp

Jet fragmentation function

hadron : 2

I Ji: R, y, pr
doh do Y7

dydprdz/ dydpr

Definition: F(z,pr) =

where z = pg/p’f

It describes the longitudinal momentum distribution
of hadrons inside a reconstructed jet
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Jet Fragmentation in pp

Jet fragmentation function in pp

hadron : 2
. . L I Ji: R, y, pr

* Fragmenting jet function studies within SCET o S

Procura, Stewart " 10; Liu "I I; Jain, Procura, Waalewijn " I |

and ’| 2; Procura, Waalewijn " | 2; Bauer, Mereghetti " | 4;

Baumgart, Leibovich, Mehen, Rothstein " | 4,

Bain, Dai, Hornig, Leibovich, Makris, Mehen " 16 ... A

(1 J22

* Jet fragmentation function studies at NLO for pp

Arleo, Fontannaz, Guillet, Nguyen " | 4,
Kaufmann, Mukherjee,Vogelsang " 15
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Jet Fragmentation in pp

Jet fragmentation function in pp

Factorization

do” L, Li,Yuan *13
dyidpr.dz = H{(ys, pr:, 1) g‘ﬁ:l(z’ 1) Jusy (1) = oo (1) Symgeeomy (A, 1) — gciull (2, ) C;')ie,n Vitev " 15
do H(yhan/‘)le (,U,) T Jw;\v (#)Snlnz---'m\r (Aa /-") le (,u)
dyz'dei
Wi = 2pTi
hadron : 2
I Ji: R, y, pr
1 do’ G'(w, R, z, )
s Flepr) = [ ayay i
Otot izzq;g PS g dy dpy  J'(w, R, p) R
(‘ ']22
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Jet Fragmentation in pp

J

di?

Fragmenting jet function

as (€77 %)

* where:

Oanti—ky = Q(ki) (9(,22(1 — z)2w2 tan2(R/2) — ki)

e.g. qu(z,e) = Cp [

z,bare(w7 ,Z,,LL) / (ki)l—l—e It F(l _ 6)

1+ 22
1—z

Pj'(za 6)5alg

—€(1 — 2)

hadron : z

-I- Jl : Ra Y, Pr

MS, pure dim reg, O(a)
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Jet Fragmentation in pp

Fragmenting jet function

hadron : z
: dk? o, (e7Ep?)e I
z?,bare((*% R, Z"u) — / (ki)Jl_—i—e It F(l _ 6) Pji(za 6)5alg A\ Ji: R, y, pr
* where:

Samti—ky = 0(k7) 0(2*(1 — 2)°w’ tan®(R/2) — k7)) RSN

1+ 22
1—z

eg. Pul(z¢)=Cr [ —e(1— z)]

MS, pure dim reg, O(a)

* matching onto standard FFs D}(z,u) for ug > Aqep

dz AZ .
6o, o2, = Z/ 2 Jis (@ Bz 1) Dy ’u)+0(w2ta.1(122c(?2/2))

N

Matching coefficients standard collinear fragmentation functions "
C )
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Jet Fragmentation in pp

Fragmenting jet function

Quark FJF at |-loop:

o, Rz ) = 5(1 — 2) + 220 [5(1 _2) (1n2 (wtan(R/%) _ 1) - (wtan(Rm))

+Pu(2) In 2 + (1 + 22) (ln“ - Z))J

1 — 2z

Jain, Procura,Waalewijn "1 |,
Waalewijn " |2

where P,y (2) =

(1-2), anti—kr, MS scheme . LosAlamos
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Jet Fragmentation in pp

Fragmenting jet function

Quark FJF at |-loop:

wtan(R/2)> w2) A (wtan(R/2)>

1 — 2z

+Pu(2) In 2 + (1 + 22) (ln“ - Z))J

Jain, Procura,Waalewijn "1 |,
Waalewijn " 12

4 8
Ellis,Vermilion, Walsh, Hornig, Lee " 10

Jo(w, R, p) =1+ %CF [1n2 (wtan(R/Q)) 3 (wtan(R/Q)) 13 37r2]

T 1

R 1+ 22 ﬁ/j
where — VTl
Pyq(2) (1— Z)+ anti—kr, MS scheme > Los Alamos
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Jet Fragmentation in pp

Resummation

d .
* solve RG equation u@gﬁ‘(w, R, z,p) = v§(1) G!'(w, R, z, 1)

I d#l HgG

Gl (w, R, 2, p) = G'(w, R, 2, ug) exp [ f 77&(#’)]
HG

where i (1) >

- Tousp 2 tan?(R/2

~_

. . y ) 1 n
anomalous dimensions: Tlp = 2o Thq (52)

’Yi =D ’Yfz—l (%‘?)n

) + 74 ()

—— Resummation of InR
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Jet Fragmentation in pp

Resummation
— f
. d h ) h

* solve RG equation u@@ (w, R, z, 1) = v5(p) G (w, R, 2, p)

K d I mG, tg

ggl(w’R’z’ #’) - gzh(w’R:z’ﬂ'g) exp / i,"}'&(/-",)

pg H
e same for the unmeasured jet function J., (1)
—_—) . (.}:;1 (Z, /“L) M M M _ _ _

Fu (2,p1,) = is RG-invariant for ug = us = prg = wtan(R/2)

Juon (1)
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Jet Fragmentation in pp

p+p \'s =7 TeV anti-k
o ATLAS R=0.6lyl < 1.2
00,500] x 10'8

Comparison to ATLAS data
at /s = 7TeV

Light charged hadrons A =7+ K +p

QCD scale uncertainty

H € [p'l'/Qs 2p1']s
wy € [prr/2,2prR),
ug € [prr/2,2prr]

prr = 2prtan (R/2)

Using DSS FFs

de Florian, Sassot, Stratmann -’07

A
° IRAIamos

NATIONAL LABORATORY
EST.1943




Jet Fragmentation in pp

0P h* p+p \'s =2.76 TeV anti-k
e ATLASR=04lyl< 1.6
A CMS R=0303<lyl<2

[21__0’260] X 1pl0

10-5 ||||||| I I
107 10"

Comparison to ATLAS and CMS
data at /s = 2.76 TeV

Light charged hadrons A =7+ K +p

QCD scale uncertainty

H € [p'l'/Qs 2p1']s
wy € [prr/2,2prR),
ug € [prr/2,2prr]

prr = 2prtan (R/2)

Using DSS FFs

de Florian, Sassot, Stratmann -’07
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Jet Fragmentation in pp

Resummation of large logarithms

Convolution structure:

Ldz z A
h =§ : hdlty heZ QCD
gz (W,R,za#) ; /2; T \72.7 (w7R’m’,‘l‘)DJ(x’#)+o(w2tan2(R/2)

/

In1 - x)) become large at the partonic threshold =z — 1
_|_

1l —=x

Threshold logarithms (

e
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Jet Fragmentation in pp

Resummation of large logarithms

Convolution structure:

L dz 4 A?
h _ sl A he2 QCD
Gi'(w, R, 2, 1) Zj / z Ji (@ B2 ) D (0, 1) + O (w2tan2(R/2)

/

In(1 = x)) become large at the partonic threshold =z — 1
_|_

1l —=x

Threshold logarithms (

— gé‘(w,R,z,u)={1+%Cp [ln2 (wtan(R/;)(l_z))—g]}DS(z,uH---

Choosing 1 =wtan(R/2)(1 —2) resums logarithms of R and (1 — z2)

e
Procura,Waalewijn " | 2 > Los Alamos

NATIONAL LABORATORY
EST.1943




Jet Fragmentation in pp

P D)

R(

N )

»Illllllll llll]lll]]

0.5

...................

0.8 09

7

|18

Both In R and

In(1 — 2)

are simultaneously resummed

Hadronic threshold z — 1

QCD scale uncertainty

pE€
Ky €

ug €

:pT/Qs 2pT]s
prr/2,2prR,

prrz/2,2pTRZ]

prr = 2prtan (R/2)
prrz = 2pr tan(R/2) (1 — 2)
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Jet Fragmentation in pp

P D)

R(

10

10

h N

»IIIIIIIII llll]]l]]]-”"l

0.5

S p+p \s =7 TeV
5 anti-k . R=0.6 lyl < 1.2
E 60 < p.< 80 GeV
E o\ G S/b
AN N P
Nk T x>/
~eSh o T
: ’o....-‘m/ < 2 .......
- o D, T X
-l.&.‘-’:‘o -7k 8 “a .IO
E— ‘0"‘~ ......
E : ‘..".q..
= PS p,/2,2p,] Ty,
E W e [pm/2, 2pm]

llllllllllll

lllllllll

lllllllllll
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0.8 09

7
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Both InR and In(1 — 2)
are simultaneously resummed

Hadronic threshold z — 1

QCD scale uncertainty

L € [pr/2,2pr],
ws € [prr/2,2prr),

LG € [prrz/2,2prrz]

prr = 2prtan (R/2)
prrz = 2pr tan(R/2) (1 — z)
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Jet Fragmentation in pp

AF [ = -
ot : anti-k; R=0.6 lyl <2.5 [ jet fragmentation function
0.1 25<p, <30GeV | 30 < p, <40 GeV
0.08F e ATLAS -
: + O PYTHIA | — theory
0.06 | .
ol -
0.02F
0125 2 Comparison to ATLAS data
o1k g and PYTHIA simulations
. : 40 <p,. <50 GeV 50 <p,. <60 GeV at \/§:7TeV
0.08F
0.06 -
0.04
0.02 -
. _ Using FFs from
0125 i Kneesch, Kniehl, Kramer, Schienbein - 08
0.1 a
- 60 <p.<70GeV | 25<p.. <70 GeV _
0.08F ' i + ! ZMVNFS, ete™ — DX
0065_ : Ky By Hg 3> Mg
0.04F
0.02F | S
L — i T . 3 | ﬁj
05 04 05 0607 0800 1 030405060708 091 . Los Alamos
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Jet Fragmentation in pp

AF [ = -
ok D ppNs=TTev 3 D meson .
ot : anti-k; R=0.6 lyl <2.5 [ jet fragmentation function
0.1 25<p, <30GeV [ 30 < p, <40 GeV i i
0.08F ® ATLAS - + — theory == Dg (Z,,LL) — 2Dg (ZMM)
- . + O PYTHIA [ -- gluon-enhanced
0.06 - L ~
0.04 | %
0.02
0125 : Comparison to ATLAS data
01F ] and PYTHIA simulations
: : 40 <p,. <50 GeV 50<pT<60GeV at \/§:7TeV
0.08}- E -
0.06 - + . + }
0.04F o T - o
0.02F :
; . L Using FFs from
- _ 8
0.12F 2 Kneesch, Kniehl, Kramer, Schienbein - 08
0.1F a
- 60 <p.<70GeV | 25<p.. <70 GeV _
0.08F ' : + ! ZMVNFS, ete™ — DX
0065_ ; ~ Ky s Hg > MQ
0.04 | R
0.02 :_ T =8 ) - : N \\__:_}
:. IIIIIIIIIIIIIIIIIII — IIIIII [ | 4 | ﬁj
03 04 0506 07 08 09 T 03 0405060708091 > Los Alamos
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Jet Fragmentation in pp

D¥  ptpNs=7TeV !D-meson , ,
anti-k. R=0.6lyl <2.5 | jet fragmentation function

25<p,<30GeV ¢ 30 <p, <40 GeV 5 b
e ATLAS - + — theory === Dg (2, 1) — 2Dg (2, 1)
0.06 + O PYTHIA [ -- gluon-enhanced

0.04
0.02

0.12 : Comparison to ATLAS data

and PYTHIA simulations

0.1 -
40 <p,. <50 GeV : \ 50<pT<60GeV at \/§:7TeV

0.08
0.06
0.04
0.02

0.12

0.1
0.08
0.06

60 <p, <70GeV [ 25 <p, <70 GeV New fit of D-FFs:

Anderle, Kang, FR, Stratmann, Vitev
- work in progress

0.04
0.02

IIIIIIIIIIIIIIIIIIII - | 5 | /\
03 04 05 06 07 08 09 1 ()3 04 05 06 ()7 08 09 1 JLosAlamos
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Modification in AA
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Modification in AA

doaa
dydpr
dopp
Noin) Fydpr
2 ! ! ! !
Vs =276 TeV, R =0.3 CMS sys. 1
1.8 |+ 120 < pr < 150 GeV CMS stat. ——@— .
0.3 <|n| <2
1.6
- |
1.2 : .
< % %
RN 8 I IO R —— S N |
= . . enhancement of soft particles,
0.8 e - small-z region
0.6 |
0 — 10% centrality
04 ' ' ' | ™\ attenuation of particles in the
0 1 2 3 4 5 large- z region AN

— In(1
¢ =n(l/2) JLo/jsAIamos
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Modification in AA

SCET ¢ splitting kernels

Basic ingredients for the calculation

of the modification in AA collisions: T, k)
|. Final state Q %
vacC 2
vacuum: ( dl\g ) - aschl +(1—2) lé |
dr d?k 1 1—ag 27 T kJ_
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Modification in AA

SCET ¢ splitting kernels

Basic ingredients for the calculation

of the modification in AA collisions: T,k
| Final state O M + O : %
ko~ (1,72, ))
deac 1 1 2 1 q x
vacuum: ( ' ) = 2O +(1-2) - g~ (X2, 2% )
ded’k1 ), . 2T T k7
medium:  Ovanesyan,Vitev ’| 2 Idilbi, Majumder 08, D’Eramo, Liu, Rajagopal " 10
Lscere = Lscer + La(én, An, Ac)
A

- )
» Los Alamos
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d.’l,'dzk_l_

Modification in AA

SCET ¢ splitting kernels

Basic ingredients for the calculation

of the modification in AA collisions: T,k
| Final state Q M + O : %
ko~ (1,72, ))
AN 14+(1-2)2 1 4 x
vacuum: = 20 +(1 -2 | g~ (A2, 22)0)
dzd?’k 1) ., 272 T k?
—qgq -
medium:  Ovanesyan,Vitev ’| 2 Idilbi, Majumder 08, D’Eramo, Liu, Rajagopal " 10

deed) @ o 1+ (1 —2) / Az [ oo 1 do pedium [B__(Bl_ C
q—qg

T o2 T Ag(2) oo d?qu B? - ) (1= cosl(fh = Q) Az]) +..

B? 05

\ model dependence of the medium

Soft gluon limit is consistent with traditional energy loss approach pa
Gyulassy, Levai,Vitev "00 . |_/<;"_¢, Alamos
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Modification in AA

SCET ¢ splitting kernels

Basic ingredients for the calculation
of the modification in AA collisions: T, k)

|. Final state  Ovanesyan,Vitev ’| 2 O M + Q : %

2. Final state - massive  FR,Vitev - in preparation

X

dN Qs 1 1-z+2%2/2 z(1—z)m?
e.g. vacuum =Cr— T %2 1 22
Q—Qg I T 1 + T“m

» Los Alamos
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Modification in AA

SCET ¢ splitting kernels

Basic ingredients for the calculation
of the modification in AA collisions:

iIZ,k_L

|. Final state  Ovanesyan,Vitev ’1 2 O
2. Final state - massive FR,Vitev - in preparation

3. Initial state Ovanesyan, FR,Vitev -’15
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Modification in AA

| Initial state - Cold Nuclear Matter (CNM)
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Modification in AA

| Initial state - Cold Nuclear Matter (CNM) 2. Final state - jet energy loss

i J,AA
dojya Y;

i=q,g ANAPT THA

Chien,Vitev " 15
He,Vitev, Zhang " |2
Dasgupta, Dreyer, Salam, Soyez " 15

s+ Los AIamT?RsY;




Modification in AA

| Initial state - Cold Nuclear Matter (CNM) 2. Final state - jet energy loss

doty, G7*
AA
i=g,g dndpr J;

1 do'ya
oo dydpr

B oo dydpr

prT

—  Inclusive jet R 44

Hewoes
X

Chien,Vitev " 15
He,Vitev, Zhang " |2
Dasgupta, Dreyer, Salam, Soyez " 15
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Modification in AA

| Initial state - Cold Nuclear Matter (CNM) 2. Final state - jet energy loss

3. Final state - jet substructure

(67E,LL2)6 deac 5
dxdk? ik e (x = 1—2)

J _ 2
sbare(0: B 2 1) = /dlﬁ T(1—e)

vac 2
\(dN ) _ s 1) 1
q—q9

dxdk? 27 T (k2 )ite

> Los AIamT?RsY;




Modification in AA

| Initial state - Cold Nuclear Matter (CNM) 2. Final state - jet energy loss

3. Final state - jet substructure

) YE 2)6 d N Vvac
J = [ dk? Gl Oa
sbare (0 By 20 1) / YT —e) \dedk? ), " (x—1—2)

vac 2
\(dN ) _ s 1) 1
q—q9

dzdk? o x (kf)tte
5 ..2\€ vac med
JAA g2 G| (AN AN 5
—  Gihare(ws By 2, 1) / LT(1—¢) |\ dadk? ik " drdk? ik e

Similarly:  J2 (1) = J7() + J7 (1)

» Los Alamos
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Modification in AA

2 | | | |
Vs =2.76 TeV, R = 0.3 CMS sys. 1
1.8 + 120 < pr < 150 GeV CMS stat. ——e— -
0.3 < |n| <2 CNM ———
1.6 +
- |
N ¢
— 1.2 -
IR
< é o
<‘: ]. B " R l e R I I —
L3 . . o
0.8 ° -
0.6 + . _
reiiminar
0.4 L P | Y 0 ,_ 10% centrallity | 1
0 1 2 3 4 5

§ =In(1/2)

Using Kretzer FFs
Kretzer - °00 - Los Alamos

NATIONAL LABORATORY
35 EST.1943




Modification in AA

2 T T T T ]
V5 = 2.76 TeV, R = 0.3 CMS sys. 1 3 dop a
1.8 | 120 < pr < 150 GeV CMS stat. —e— - i—q.g dndpr
0.3<|n <2 CNM
1.6 L CNM+Rp g =
- |
N ¢
— 1.2 -
RS
i [ )
<‘: ]_ ”->” - S e I I
= . ?h* q 9 ¢
0.8 ¢ -
0.6 il
04 L 0 — 10% centrality 1
0 1 2 3 4 5)

§ =In(1/2)

Using Kretzer FFs
Kretzer - 00
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Modification in AA

2 | | | |
: AA
/3 =2.76 TeV, R = 0.3 CMS sys. ] Z do'y» G}
1.8 + 120 < py < 150 GeV CMS stat. +—e— - = dndpp JAA
0.3 < |n| <2 CNM
1.6 L CNM+Rp g =
all effects —=——— A
E 1.4
N ¢
— 1.2
RS
¢
<‘: ]_ ’-> ”””””””””
S8 . q H g o
0.8
0.6 _
04 L | 0 ,_ 10% Centralhty | 1
0 1 2 3 4 5

§ =In(1/2)

Using Kretzer FFs
Kretzer - 00
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Modification in AA

Centrality dependence

2 | | | | 2 | | | |
Vs =276 TeV, R =0.3 CMS sys. 1 Vs =276 TeV, R = 0.3 CMS sys. ]
1.8 120 < pr < 150 GeV CMS stat. +——e— | 1.8 b 120 < pp < 150 GeV CMS stat. —e— |
0.3 < |n| <2 all effects 0.3 < |n| < 2 all effects =
1.6 + 1.6 | _
=14 /; =14 ]
~ S
N N
~— 1.2 _ =192 L
= % =
SRR 5 I 5 I R —-— pa. - N L
9 — < 3 ?
\\ [ ] __.’: F
0.8 - - 0.8 _
0.6 - 0.6 _
04 L prellmlnary 0 — 10% centrality | 04 L Prellmlnar)’ 30 — 50% centrality |
0 1 2 3 4 5 0 1 2 3 4 5
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Modification in AA

Uncertainties

* fragmentation functions

2 | | | |
Vs =276TeV, R=03 CMSsys. [ 1]
1.8 F120 < pr < 150 GeV CMS stat. +——e— -
0.3 < |n| < 2 Kretzer ‘00 =—————— /
1.6 k DSS ‘07—
AKK ‘08 =——
KKP ‘00 =—
=14
B
N
— 1.2 _
S
K.
st -
0.8 -——><%4 o |
0.6 _
0 — 10% centrality
04 B I I I I |
0 1 2 3 4 5

¢ =In(1/2)
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Modification in AA

Uncertainties
* fragmentation functions * QCD scale uncertainty H, HG, HJ
2 | | | | 2 | I I I
V8 =2.76TeV, R=03 CMSsys. [ 1 Vs =2.76 TeV, R=10.3 CMS sys. [
1.8 F120 < pr < 150 GeV CMS5 stat. +—e— - 1.8 F 120 < pr < 150 GeV CMS stat. —e— -
0.3 < |n| <2 Kretzer ‘00— / 0.3 < |n| <2 QCD sc. IS
1.6 A 1.6
AKK ‘08 =
KKP ‘00— .
=14 ~1.4
B B
N N
— 1.2 4 —1.2
& { S
RN S SN A 13
08 | =t 1 08
0.6 | - 0.6 + -
04 L preliminary 0 — 10% centrality 1 04 L preliminary 0 — 10% centrality 1
0 1 2 3 4 5 0 1 2 3 4 5
€ = In(1/2) € =In(1/2)
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Conclusions

Qutline

Chien, Kang, FR,Vitev, Xing -’15

Chien, Kang, FR,Vitev, Xing - in preparation
® Conclusions
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Conclusions

* Jet fragmentation function for light hadrons and heavy mesons

* Modification in heavy-ion collisions

® Threshold and small-z resummation
* Heavy quarks pp and AA

* e.g. hadrontjet back-to-back

e Extension to eA for the EIC

42
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: [160,210] x 19'0 Ne
[110,160] x 10®

ﬁm\

_lIIlII | | IIIII]I | 1 1 11111
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Jet Fragmentation in pp

10

"
.
Ch
“r
.

.......

- R=0.8

lllll

p+p \s=7 TeV
lyl < 1.2
60 <p,. <80 GeV

107
102

10!
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Jet parameter R
dependence

» Los Alamos

NATIONAL LABORATORY
EST.1943




Jet Fragmentation in pp

-
e
-~
-
-

F(z,p.)

h* p+p s =7 TeV

R=0.6lyl<1.2 Jet algorithm
60 <p_<80GeV dependence: cone, anti—kr

10

10

[o—
<
(%]
[TTTT]

| | |

H=Pp B =H; =Py

d /
L
L
=

o
; > Los Alamos
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Accuracy of Resummation

VICHE Cin X @ In™ N, where n < 2k

Fixed Order

°
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Modification in AA

| Initial state - Cold Nuclear Matter (CNM)

2. Final state - jet energy loss

Inclusive jet R4 4

- R=104, |n| < 2.1

A/SNN — 2.76 TeV
- centrality 0 — 10%

| |
CNM p =0 GeV

CNM p = 0.18 GeV
CNM p = 0.35 GeV s
ATLAS
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